films ranging from ~1 to 10 monolayers can also be deposited.
Recent advancements in 2D materials have created great opportunities for devices based on single semiconductor, dielectric and conductive layers. 1 Some of these opportunities include the development of new generation of sensors, transistors and high performance devices with superior performance compared to those fabricated with bulk materials due to the high quantum efficiency in 2D materials. 2, 3, 4 Some of the most common 2D materials include graphene, molybdenum disulfide (MoS 2 ), Tungsten disulfide (WS 2 ) , among others. Unlike graphene, the band gap of transition metal di-chalcogenides (TMDs) can be tuned from direct to indirect by simply varying the number of layers. 5 Among 2D-TMD materials, layered MoS 2 films are the most extensively studied. [6] [7] [8] [9] 7, 8, 9 Some of the MoS 2 applications reported include gas sensors, 10 phototransistors, 2 flexible thin film transistors, 11 electrodes for lithium ion batteries, 12 and heterojunctions diodes with black phosphorous. 13 Recently, the piezoelectric effect in monolayer MoS 2 was also reported. 14 2D MoS 2 films incorporated as the active layer in thin film transistors have shown mobilities of ~200 cm 2 / V-s and on/off current ratio of ~1×10 8 with HfO 2 as the gate insulator. 15 More recently, mobilities of ~480 cm 2 / V s (holes) and ~470 cm 2 / V s (electrons)
for MoS 2 on PMMA substrates was reported. 16 These materials are also theoretically ideal for Field Effect transistors (FET) with dimensions of less than 10 nm since the use of these materials greatly reduce short channel effects without affecting the Drain-Induced Barrier Lowering (DIBL, ~10 mV / V). 17 Besides the exciting applications mentioned above new applications for 2D MoS 2 are continuously reported. However, any practical applications of 2D- In this article, we report PLD methods for the fabrication of MoS 2 films. Using PLD for layered MoS 2 films offers several advantages. For example, during laser deposition the ablated species from the target are often activated. This results in enhanced associative chemistry on the growing film surface that reduces the need for surface activation. 28 Also, thickness control is achieved by controlling the growth kinetics by simply manipulating the repetition rate (frequency) and energy of the laser as well as the deposition pressure. One additional advantage of PLD is the stoichiometric transfer of the ablated material from the target to the substrate. This characteristic is a consequence of ablation produced by the absorption of the laser energy on a very small volume of the target. The absorption of the laser energy by this small volume consequently forms a plasma, or plume, at the surface of the target and the species get transferred to the substrate.
This process is not dependent on the partial pressures of the constituent cations. 29 However, the deposition pressure can be used to modify the mean free path of the ablated species to either minimize or maximize the energy of the species reaching the surface of the substrate. In PLD processes, only the stoichiometry is transferred from the target to the substrate and the crystalline phase of the resulting film is not necessarily the same as that of the target. 29 In those studies, although layered MoS 2 films were obtained, the HRBS stoichiometric analysis of the resulting MoS 2 films were not reported.
RESULTS AND DISCUSSION
In this work, a large-area compatible process to deposit stoichiometric MoS 2 with layers ranging from 1-10 is reported. This is achieved by properly controlling target composition, MoS 2 to Sulfur particle size in the target, and PLD deposition conditions. Figure S2) . The difference in the density with respect to the 75°C / 43µm
target is due to the MoS 2 particle size and target fabrication conditions.
Thin film Thicknesses and cross section -layered structure
All the targets described before were used to initially deposit MoS 2 films by PLD on sapphire respectively. These values are very close to the theoretically expected value for monolayers of MoS 2 which is ~6.5 Å. 8 The small variations observed are likely due to the resolution of the TEM measurement and/or to small local stoichiometry variation in the films due to Sulfur depleted areas, which will be further discussed in the following sections.
Thin films chemical characterization
The Raman spectroscopy analyses of the films showed the typical E 38 The additional vibration bands observed for this films are from the sapphire (Al 2 O 3 ) substrate. 37 The difference in frequency in the MoS 2 vibration modes, defined as ∆β, is proportional to the separation of the Raman peaks and can be used to estimate the thickness of the films. 38 The difference in the ∆β values with thickness is due to the dipolar interaction of the substrate with the MoS 2 thin film due to variations in the electrostatic surroundings and interaction between the substrate and the Sulfur atoms. This affects the MoS 2 Figure 1c .
In general, the thickness of the MoS 2 films are inversely proportional to the density of the target Therefore, the target with the highest density (75°C / 43 µm) yielded the thinnest MoS 2 films.
The thinner MoS 2 films resulting from targets with higher density is likely due to lower ablation rates from denser targets. Additionally, besides producing thicker MoS 2 films, low-density targets also produced more particles on the MoS 2 surface ( Figure S2 ). 41 Excess of Sulfur was used to saturate the deposition ambient and minimize vacancies in the MoS 2 films. During the ablation, the excess of Sulfur from the target evaporates more readily than the MoS 2 producing and in-situ sulfurization environment allowing more stoichiometric MoS 2 to be deposited on the substrate. We used an RGA system (Residual Gas Analyzer) during the deposition to monitor the increase in Sulfur partial pressure during the ablation. sapphire substrate. 43 The variation of the intensity of these peaks can be evidence of little defects or our thin films.
X-ray photoelectron spectroscopy (XPS) studies were further used to analyze the films after a subtle sputter-clean with Ar + ions. The Mo 3d region shown in Figure S4a showed typical binding for MoS 2 (red dashed lines) for thin films deposited from targets 100 ºC / 2 µm and T.
The small variation in the S2p region observed in Figure S4b for films deposited from targets 75 ºC / 2 µm and T can be attributed to Fermi level pinning due to sulfur vacancies. 44 Nevertheless, all the thin films showed bands typical for MoS 2 ( Figure S5 ). The data fitting shows some low intensity oxides peaks (MoO 2 and MoO 3 ) for all the films, with the highest concentration for the films deposited from the commercial target, T. Thin film 75 ºC / 43 µm was not subjected to sputter cleaning due to its thickness, but showed the closest binding energies to bulk MoS 2. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 High-Resolution Rutherford Backscattering (HRRBS) analyses were performed to better evaluate the composition of the MoS 2 films (Figure 3a) . Peaks for S, Mo and the substrate are clearly observed in the experimental data. The difference in peak width and intensity observed in the HRRBS spectra is related to the thickness of the MoS 2 . The thinnest film was obtained from 75 ºC / 43 µm target, in agreement with Raman and TEM. The HRRBS experimental data was fitted to obtain the depth profile for each film. The inset in Figure 3a shows typical fits (red line) and experimental data (black line). The depth profile extracted from the fitting is shown in Figure 3b . Thin film 100 ºC / 2 µm shows a large depletion of S at the surface with composition variation throughout the entire thickness of the thin film. Thin film 75 ºC / 2 µm showed higher Mo/S ratios close to the surface, but from 1.0 to 2.2 nm the Mo/S ratio approached the theoretical ratio of 0.5. The film from the commercial target (T) also showed variations in the Mo/S ratio.
On the other hand, thin film 75 ºC / 43 µm showed ratios close to 0.5 throughout the entire thickness of about 2 monolayers. The inset in Figure 3b shows the stoichiometricity of these films over the entire thickness. The complete HRRBS spectra and simulations are shown in Supporting Information Figure S6 . Thin film resistivity and Mo / S ratio The mechanisms for electronic transport in 2D materials are not entirely clear yet since the carrier transport in layered MoS 2 films as well as in the contact interface is very complex. 8, [45] [46] [47] [48] In this paper, we used a well-accepted method (Circular Transfer Method, CTLM) to measure sheet resistance and resistivity that eliminates potential contact resistance issues while performing the measurement. Gold contacts were used for the analyses ( Figure S7) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 12 Clearly, as Mo/S ratio increases the electrical resistivity of the films is reduced. This can be produced by presence of defects on the thin film metal interface too. The area analyzed by both Raman ( ̴ 2 x 10 9 µm 2 ) and HRRBS (9 x 10 6 µm 2 ) is much larger that the size of the CTLM structure used for the measurements, which is 1.2 x 10 6 µm 2 ( Figure S8) The PLD method reported here was also used to deposit MoS 2 on various substrates including SiO 2, quartz, and polycrystalline HfO 2 (Figure 5a-c) . The films were deposited from the target that produced the most stoichiometric film (75ºC / 43 µm). The quartz substrate had some amorphization during the TEM sample preparation due to the use of Focus Ion Beam (FIB) during sample preparation. The MoS 2 thin films deposited on HfO 2 (Figure 5c ) seems to have better quality than films deposited on amorphous SiO 2 substrates. These initial outcomes indicate that further improvements in the PLD process for amorphous substrates are required. The thicknesses for the films deposited on SiO 2, quartz, and HfO 2 were 2.5 nm, 2.83 nm, and 2.08 nm, respectively. The films were evaluated by Raman spectroscopy and the vibration modes for
MoS 2 were present on all the substrates. However, the Raman bands for MoS 2 on SiO 2 and quartz were broader than those on crystalline HfO 2 , indicating better quality of the MoS 2 films deposited on this dielectric (Figure 5d ).
In-Situ Thickness Control
The process demonstrated here is also a great method to achieve different MoS 2 thicknesses on the same substrate. Such thickness control can be used to fabricate devices on the same substrate with variable number of MoS 2 layers. The analyses of these films are shown in Figure 6 with area-1 corresponding to the thickest and area-5 the thinnest MoS 2 films, respectively. Raman spectroscopy (Figure 6b ) and Raman mapping (Figure 6c ) was carried on the entire area of the wafer to evaluate the uniformity of the MoS 2 films. The typical modes for MoS 2 (E 1 2g and A 1g ) monotonically decrease with thickness, as expected. In addition, the separation of the peaks (∆β) was also proportional to the thickness of the thin films indicating a thickness gradient across the substrate. 38 For the gradient generation the substrate speed rotation was reduced and it was moved off-axis from the target, followed by a normal process of deposition. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 work deposited on sapphire was checked as well. This imaging showed an atomic arrangement for the thin films ( Figure S9 ).
14
Furthermore, a 75 ºC / 43 µm film was deposited on Graphene and its top view image showed defined grain boundaries ( Figure S10 ). The average grain size was measured resulting in 16.80 nm (Figure S11 and S12) . The grain size of the stoichiometric thin film synthetized in this work is still smaller than those reported by CVD techniques 52 . However, the continuity of the thin film 75 ºC / 43 µm is found all over the sapphire substrate as demonstrated before.
CONCLUSIONS
A potential process for large-area growth of stoichiometric layered Molybdenum Disulfide 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 Thin film deposition: MoS 2 films from each target used in this work were deposited using a KrF laser (λ=248nm) laser. The laser frequency was 10 Hz, with an energy of 30mJ and the substrate temperature was kept at 700°C. The MoS 2 films were deposited on Al 2 O 3 (0001) double -side polished substrates (sapphire), HfO 2 , Quartz, and SiO 2 . Before deposition, the PLD chamber was evacuated to a pressure of <10 -6 Torr. The process was carried out at 0.1 mTorr without any background gas. After the deposition, the substrate was cooled down at a rate of 2 ºC/min. A resin 1813 available commercially was applied by spin coating on the films. Afterwards, the samples were exposed to UV light and the areas for conversion were under covered. All samples were developed with MF311. After this step, gold contacts 400 nm were deposited on the samples by Thermal Evaporation at 10 -6 Torr. Subsequently, the excess of gold Au was detached from the CTLM structures with acetone. Then, the remaining organic components were removed by washing the samples with Isopropanol and deionized water. Several circles and gaps were measured and averaged during this study with a probe station Cascade Model SUMMIT 11741B-HT. The RBS composition vs depth profile was obtained with 400 keV He+ ions with a beam size about 1 mm. The experimental data was fitted using Analysis IB RBS software 2007
Thin film characterization:
Kobelco. Figure S6 shows the RBS fitting for each thin film fabricated in this work on sapphire. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ACS Paragon Plus Environment ACS Nano 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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